Abstract Chlorimuron-ethyl is a type of long-residual herbicide applied widely to soybean fields in China, but little information is available about the long-term impact of this herbicide on soil nitrogen-transforming microbial communities. Soil samples (0-20 cm) were collected from three treatments (no, 5-year and 10-year application of chlorimuron-ethyl) in a continuously cropped soybean field. Plate count (CFU), most probable number (MPN) count, and clone library analyses were conducted to investigate the abundance and composition of nitrogen-fixing, ammonia-oxidizing, and denitrifying bacterial communities, and a chlorate inhibition method was adopted to measure the soil nitrification potential. Long-term chlorimuron-ethyl application reduced the abundance of soil culturable nitrogenfixing, ammonia-oxidizing, and denitrifying bacteria. Moreover, chlorimuron-ethyl decreased the diversity of nitrogenfixing and ammonia-oxidizing bacteria but promoted that of denitrifying bacteria. Chlorimuron-ethyl restrained some uncultured nitrogen-fixing bacteria, ammonia-oxidizing bacteria Nitrosospira sp. cluster 3a and 3d, and some novel or putative denitrifying bacteria. The nitrogen-fixing bacteria were closely related to Bradyrhizobium sp., ammoniaoxidizing bacteria Nitrosospira sp. cluster 3b and 3c, and most denitrifying bacteria were resistant to chlorimuronethyl. There was a negative correlation between the nitrification potential and the residual amount of soil chlorimuronethyl (R 2 =0.88, n=3, P<0.05). Therefore, long-term application of chlorimuron-ethyl in the continuously cropped soybean field could seriously disturb soil N-transforming communities, and might impact soybean soil biological quality and soybean growth. Further studies should address rational amendment models of this herbicide to reduce the possible ecological risks of long-term application of this herbicide to soybean fields.
Introduction
Chlorimuron-ethyl {ethyl 2- [[[[(4-chloro-6 -methoxypyrimidin-2-yl) amino] carbonyl] amino] sulfonyl] benzoate} is a member of the sulfonylurea herbicides applied particularly in soybean fields to control weeds. It is characterized by good crop selectivity, high herbicidal activity, low mammalian toxicity, and low application rate (Reddy et al. 1995; Boldt and Jacobsen 1998) . The herbicide exerts phytotoxic effects on sensitive weeds by inhibiting acetolactate synthase (ALS), which is also found in microorganisms (Kaur et al. 2009; Jin et al. 2010) . Chlorimuron-ethyl has longer persistence in soil (over 3 months); therefore, the likely risk of its toxicity to soil microbial inhabitants has to be considered when using this herbicide long-term.
It has been shown that sulfonylurea herbicides have toxic effects on microorganisms. A major proportion of fluorescent Pseudomonas strains isolated from agricultural soils were sensitive to metsulfuron-methyl and thifensulfuronmethyl (Boldt and Jacobsen 1998) . The sulfonylureas chlorsulfuron and rimsulfuron were also toxic to rhizobacterial Pseudomonas strains (Forlani et al. 1995) . Recent studies found that long-term application of chlorimuron-ethyl in soybean fields reduced the antifungal activities of Pseudomonas strains (Wang et al. 2013 ). In addition, it decreased soil bacterial community diversity and evenness, while stimulating some soybean root rot pathogenic fungi such as Fusarium oxysporum, Rhizoctonia solani and Phytophthora sojae (Zhang et al. 2011) .
Soil nitrogen transformation and utilization have definite effects on the productivity and sustainable development of agro-ecosystems. Nitrogen-fixing bacteria (NFB), ammoniaoxidizing bacteria (AOB), and denitrifying bacteria (DNB) participate directly in the transfer of the organic nitrogen and inorganic nitrogen in soil, and are related closely to nitrogen utilization. Previous studies have employed cultivationindependent molecular techniques targeting gene markers of these functional groups: nifH gene, 16S rRNA gene, and nosZ gene (Moseman et al. 2009; Innerebner et al. 2006; Chen et al. 2011) . By using these gene markers, many environmental disturbances affecting on N-availability microbial communities in soils, such as fertilization, irrigation, and pesticides, have been studied (Innerebner et al. 2006; Chen et al. 2011) . There is strong evidence that sulfonylurea herbicides can distinctly disturb N-transforming microbes in short-term laboratory microcosms. Forlani et al. (1995) found that sulfonylurea restrained the growth of the nitrogen-fixing bacteria Azospirillum sp. under pure culture conditions. He et al. (2006) reported that metsulfuron-methyl inhibited soil DNB under laboratory condition (80 days). Bensulfuron decreased soil nitrification activity in 4 weeks, and autotrophic nitrifiers were sensitive to this herbicide in in vitro toxicity tests (Gigliotti and Allievi 2001) . In order to determine the long-term effects of chlorimuron-ethyl on soil N-transforming microbial communities, in situ investigations are essential but have been studied only rarely, especially using molecular methods.
In some state farms of Northeast China (important soybean production bases of this country), the increasing use of chlorimuron-ethyl in the continuously cropped soybean field has contributed significantly to weed control over the past decade. In this study, plate count (CFU), most probable number (MPN) count, clone library and chlorate inhibition methods were using to monitor the responses of NFB, AOB, and DNB communities to long-term chlorimuron-ethyl stress. The objective was to assess the potential ecological risks of long-term (5-year and 10-year) application of chlorimuron-ethyl in the soybean field.
Materials and methods
Site description and sample collection Surface (0-20 cm) soybean field soil was collected from a state farm (48°12′28″ N, 134°15′56″ E) in Heilongjiang Province, Northeast China in October 2009. Three treatments, each containing three replicate plots, were NT (manual weeding, no chlorimuron-ethyl), T5 (5-year application of 30 g active component of chlorimuron-ethyl per hectare), and T10 (10-year application of 30 g active component of chlorimuron-ethyl per hectare). All treatment plots have uniform geomorphology, close geographical position, and the same field management measures. The soil was taken randomly from 5 points within each plot after the soybean harvest, combined to form one composite sample, and sieved (2 mm) to remove rocks, roots and coarse fragments. A portion of fresh soil was designated for culture experiments and the remaining soil was stored at −80°C until molecular analysis was performed.
Soil characteristics
Soil pH was measured using a 1:1 soil:water extract. The organic matter content was determined using the potassium dichromate volumetric method. Total nitrogen was estimated using micro-kjeldahl method. A granulometer (Malvern Instruments, Malvern, England) was used for soil texture analysis. The chlorimuron-ethyl residual was determined by HPLC equipped with a Zorbax SB-18 ODS Spherex column and DAD array detector.
Abundance of soil culturable NFB, AOB and DNB Soil suspensions were prepared by adding 10.0 g fresh soil to 90 mL distilled water, and shaking for 30 min at 30°C. The plate count method was used to estimate CFU of NFB grown on Ashby's nitrogen-free culture medium (Bakulin et al. 2007) . Dilutions (10 −3 -10 −5 ) of soil sample were used as inoculums. The CFU were counted after 3 days of incubation at 30°C. The MPN count method was used to determined the approximate viable counts of AOB and DNB. AOB were determined by using dilutions from 10 −2 to 10 −7 .
Soil suspension (1 mL) and 5 mL modified Skinner-Walker (Skinner and Walker 1961) growth medium were added to the test tube and incubated on a horizontal shaker at 150 rpm in the dark at 28°C for 4 weeks. As a negative control, 1 mL sterile water was used instead of soil suspension. The test tubes were scored as positive or negative based on the presence or absence of nitrite and/or nitrate, and the MPN values were calculated using the table prepared by Xu and Zheng (1986) . DNB were determined using dilutions from 10 −3 to 10 −7
. Soil suspension (1 mL) and 10 mL medium composed of 20.0 g peptone, 1.0 g glucose, 2.0 g Na 2 HPO 4 , 1.0 g KNO 3 , 1.0 g agar, and 1,000 mL distilled water were added to a Durham test tube and incubated statically in dark at 28°C for 2 weeks. The counting of DNB was based on the production of gas or ammonia and the consumption of nitrite and nitrate in Durham tubes as described by Xu and Zheng (1986) .
DNA extraction and PCR amplification
For each treatment, triplicate soil samples were mixed together for homogenization, and then 1.0 g soil was used for extracting DNA (Zhang et al. 2011) . Crude extracts were purified using Wizard R DNA CleanUp kit (Promega, Madison, WI), according to the manufacturer's instructions. The DNA concentration and purity were determined by a Nanodrop® 2000c spectrophotometer (Thermo, Madison, WI), and the PCR was performed on a PCR express thermal cycler (HBPX220 ThermoHybaid, Ashford, UK). For the three functional groups, nested PCR amplifications were carried out as previously described (Table 1) .
Clone library, sequencing, and phylogenetic analysis PCR products were purified using the TIANgel Midi Purification Kit (Tiangen Biotech, Beijing, China), and cloned into the pTZ57R/T vector (Fermentas, Amherst, NY). Positive clones were screened by RFLP (digested using restrictive endonuclease MspI for NFB-nifH gene, MspI and RsaI for AOB-16S rRNA gene, and MspI and RsaI for nosZ gene). Clones with similar banding patterns were grouped together as one OTU (operation taxonomic unit), and then representative clones were selected randomly for sequencing. The nucleotide sequences obtained in this study were deposited with the GenBank database under accession numbers KC515095-KC515096 and JX514915-JX514941. Phylogenetic trees were constructed by MEGA 5.0 (Tamura et al. 2007 ) with the neighbor-joining method, and a bootstrap resampling with 1,000 replicates was performed to estimate the confidence values of the tree nodes.
Nitrification potential
The nitrification potential (NP) was measured using a chlorate inhibition method according to the procedure of He et al. (2007) . Fresh soil (5.0 g) was added to a 50 mL flask containing 20 mL (1 mmol/L) (NH 4 ) 2 SO 4 . In order to inhibit nitrite oxidation, sodium chlorate was added to each flask at a final concentration of 7.5 mmol/L. The suspension was incubated in the dark at 28°C for 5 h, and the nitrite was extracted with 5 mL (2 mol/L) KCl and determined by a spectrophotometer at wavelength 520 nm with N-(1-napthyl) ethylene diamine dihydrochloride. Finally, the NP was calculated by the amount of NO 2 -N per gram soil per 5 h.
Data analysis
Data of soil parameters and culture experiments were subjected to one-way analysis of variance (ANOVA) and mean comparisons were made using the least significant difference (LSD) method at P<0.05 level. All statistical analyses were conducted through SPSS 13. 0 program 2009 (SPSS, Chicago IL). The estimated coverage of all constructed clone libraries was calculated as C=[1 − (n1/N)]×100, where n1 is the number of unique (frequency=1) RFLP pattern detected in a library and N is the total number of RFLP patterns in the same library. The useful online diversity calculator at http:// www.changbioscience.com/ was used to generate a diversity index (Shannon index H) for each clone library.
Results and discussion

Effects of soil properties
From the results shown in Table 2 , we can see that soil pH and sand/clay ratio decreased while organic matter and total N content increased from NT to the T10 treatment. However, there was no statistically significant difference between treatments in relation to these parameters. In contrast, chlorimuron-ethyl accumulated significantly in soil with increasing years of herbicide application. In this research, all treatment plots were from a big field, and had same field management measures. Therefore, any changes in N-transforming bacterial communities should be caused by different chlorimuron-ethyl residuals in the soybean field soil.
Abundance of nitrogen-fixing, ammonia-oxidizing, and denitrifying bacteria Compared with NT, treatments T5 and T10 had significantly lower abundance of soil culturable NFB, AOB, and DNB (Fig. 1) . In T10, the CFU of NFB was only 2.0×10 4 , less than one-fifth of that in T5 and one-tenth of that in NT. The viable counts of AOB and DNB in T5 and T10 were roughly just one-half of those in NT. This result indicated that long-term application of chlorimuron-ethyl led to persistent toxicity to N-functional microbes. Certainly, distinct groups responded differently to the herbicide. NFB seemed to be more sensitive to chlorimuron-ethyl; the CFU decreased with extended application time. Some AOB and DNB might become gradually accustomed to the herbicide and their viable counts seemed to be stable after 5-year application (no significant difference between T5 and T10). This result suggested microbial flexibility to environmental changes (Richardson 2000) .
Nitrification potential
NP decreased significantly when encountering chlorimuronethyl, and in NT was about 2-3 times that in T5 and T10 (Fig. 2) . Inconsistent with the viable count of culturable AOB (no significant difference between T5 and T10), NP was restrained significantly with the accumulation of applied chlorimuron-ethyl, and had a negative correlation with the residual amount of soil chlorimuron-ethyl (R 2 =0.88, n= 3, P< 0.05). NP was sharply and lastingly inhibited by chlorimuron-ethyl, suggesting that the herbicide could suppress the soil active AOB community and bring soil nitrification activity into decline (Diosma et al. 2003; He et al. 2007 ). This result was consistent with a previous study showing that sulfonylureas decreased soil nitrification activity (Gigliotti and Allievi 2001) .
Community structure of NFB
The coverage values (C) indicated that more than 87 % of NFB-nifH, AOB-16S rRNA and DNB-nosZ sequence types were captured in three libraries (Table 3) . Therefore, the dominant and common NFB, AOB and DNB in the soybean field soil were probably detected. A total of 12 nifH OTUs were obtained from 167 sequences, with the Shannon index (H) ranging from 2.37 to 2.45 (Table 3) . It is worth noting that T10 had a higher diversity value than T5. A possible explanation could be that some NFB groups adapted gradually to chlorimuronethyl stress due to their resilience during a longer time, and formed a relatively stable structure. The phylogeny (Fig. 3) indicated that all OTUs pertained to proteobacteria, with dominance of α-proteobacteria. The OTUs N6, N8 and N13 were found in all samples, indicating that these clones were tolerant or resistant to chlorimuron-ethyl. The OTU N12 (97 % sequence identity to uncultured α-proteobacteria nifH gene) and N17 (97 % sequence identity to uncultured γ-proteobacteria nifH gene) appeared only in the NT treatment, suggesting that chlorimuron-ethyl could inhibit these uncultured NFB species. The OTU N7, N10, N14, N15, and N16 were derived only from chlorimuron-ethyl treated soil (T5 and T10), showing 95-97 % sequence identity to Bradyrhizobium, Azospirillum, Methylobacterium and Mesorhizobium, respectively. These NFB genera thrived in treated soil due to domestication of the herbicide.
Some NFB OTUs closely related to Bradyrhizobium and Azospirillum in our research were resistant to chlorimuronethyl, which is of significance for the continuous cropping of soybean. Bradyrhizobium can infect the soybean root to form root nodules that supply soybean with more than 50 % of its required nitrogen (Franche et al. 2009 ). Azospirillum-known as important plant growth promoting rhizobacteria (PGPR)-can enhance root growth and nodulation of soybean (Molla et al. 2001) . Although Bradyrhizobium sp. was not affected by chlorimuron-ethyl even when its application rate was 150 times higher than the recommended field doses in pure culture, the nodulation of soybean treated with chlorimuron-ethyl at standard application rates for 5 days was impaired under laboratory controlled conditions (Zawoznik and Tomaro 2005) . This indicated that irrational application of chlorimuron-ethyl could influence biological nitrogen fixation in soybean. Moreover, some uncultured nitrogen-fixing bacteria were inhibited by chlorimuron-ethyl, which is likely to influence the soil N cycle.
Community structure of ammonia-oxidizing bacteria Long-term application of chlorimuron-ethyl greatly reduced AOB diversity, with the Shannon index (H) in NT, T5, and T10 being 2.07, 1.94, and 1.94 respectively (Table 3) . Summarized the abundance and diversity data, we concluded that the toxic effects of chlorimuron-ethyl on AOB was lasting. In spite of the same diversity value, T5 and T10 had distinct AOB bacterial structure according to the phylogeny (Fig. 4) . Only OTU A8 was found in all treatments. OTUs A4 and A11 were unique to T5, suggesting these two DNB groups might be transitional groups under long-term chlorimuron-ethyl stress. OTUs A5, A6, A7 and A10 disappeared in T10, indicating the herbicide had chronic toxicity to these groups. Nitrosospira cluster 3 (Stephen et al. 1996 ) predominated in our soybean field, being subclustered into a, b, c, and d. Nitrosospira cluster 3a (OTU A5, A6 and A7) and 3d (OTU A10) appeared to be sensitive to the toxicity of 10-year chlorimuron-ethyl application, but Nitrosospira Cluster 3b (OTU A3 and A8) and Fig. 1 Abundance of soil culturable a nitrogen-fixing bacteria (NFB), and b ammonia-oxidizing bacteria (AOB) and denitrifying bacteria (DNB). Error bars Standard deviation (n=3). Different letters for the same columns represent significant differences at P<0.05
Fig. 2 Nitrification potential (NP). Error bars Standard deviation (n=3).
Different letters represent significant differences at P<0.05 Nitrosospira Cluster 3c (OTU A1 and A9) seemed to be resistant to the herbicide. The OTU A11 and A12 (98 % similarity to Methylophilaceae bacterium clone (EU703371) and (EU642342)) belonging to other β-proteobacteria, just appeared in the chlorimuron-ethyl applied soils.
Nitrosospira or Nitrosospira-like AOB dominated in our soybean field, which is in agreement with previous observations (He et al. 2007; Mendum et al. 1999; Phillips et al. 2000; Olsson et al. 2006) . However, an interesting observation was that chlorimuron-ethyl had chronic toxic effects on Nitrosospira cluster 3a and 3d groups but had few sideeffects on Nitrosospira cluster 3b and 3c. A similar result was reported by a previous study (Li et al. 2008) showing that the herbicide acetochlor changed the AOB community structure from Nitrosospira subcluster 2 to subcluster 1. These results suggested that these herbicides might possess selective toxicity to AOB Nitrosospira.
Community structure of DNB Unlike NFB and AOB, the DNB in T5 and T10 had a much higher Shannon index value (2.27 and 2.05, respectively) than NT (1.77) ( Table 3 ). All OTUs were grouped into α-proteobacteria, closely related to Bradyrhizobium sp., Mesorhizobium sp., and Azospirillum sp. (Fig. 5) . Most OTUs were insensitive or accustomed to chlorimuron-ethyl.
Only OTU D16 disappeared in chlorimuron-ethyl treated soils, which might represent novel or putative DNB, because of low similarity (<86 %) to the DNB sequences from BLAST. He et al. (2006) found that metsulfuron-methyl inhibited the growth of DNB. In the present study, chlorimuron-ethyl also reduced the viable count of DNB. However, most DNB OTUs were resistant to the herbicide and the DNB diversity increased in chlorimuron-ethyl treatments. One could speculate that the viable count involved only the culturable DNB, but that the OTU and diversity analyses related to both culturable and uncultured DNB. Alternatively, some resistant bacteria could have obtained nosZ genes by horizontal gene transfer.
In the same plots, we had previously evaluated the effects on bacterial communities of long-term chlorimuron-ethyl application (Zhang et al. 2011) . The results revealed no information about N-transforming bacteria. This might be because N-transforming bacteria are not the dominant group in the soil and did not reach the detection limit of DGGE. The diversity of DNB increased but that of bacteria decreased under herbicide stress. The herbicide also clearly changed other functional groups in the soil. In our previous research, chlorimuron-ethyl caused the demise of some γ-proteobacteria (Zhang et al. 2011) . We also found that the herbicide could inhibit NFB related to γ-proteobacteria in this study. As we know, γ-proteobacteria are an important group in soil, contributing to soil nitrification, antimicrobial activity and many other functions (Bremner 1997; Samson et al. 1998) . Therefore, long-term chlorimuron-ethyl application clearly disturbs soil biological functions.
Conclusions
To sum up our results, long-term application of chlorimuron-ethyl in a continuously cropped soybean field could seriously disturb the soil nitrogentransforming bacterial communities. Chlorimuron-ethyl reduced the N bacterial abundance and altered the bacterial community structure, which suggested that the herbicide could influence soybean soil N cycling and biological quality, and increase the possibility of an obstacle to soybean's continuous cropping regime. Further studies should be focused on changes in soil Ncycling function to explore possible links between microbial diversity and activity, and on developing rational application models for this herbicide to reduce its impact on the biological quality of soybean soil and soybean growth.
